Investigation of the Exclusive ^'ile(e,e!pn)p Reaction 
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Cross sections for the ^'He(e,e' pn)p reaction were measured for the first time at energy transfers 
of 220 and 270 MeV for several momentum transfers ranging from 300 to 450 MeV/c. Cross sections 
are presented as a function of the momentum of the recoil proton and the momentum transfer. 
Continuum Faddeev calculations using the Argonne V18 and Bonn-B nucleon-nucleon potentials 
overestimate the measured cross sections by a factor 5 at low recoil proton momentum with the 
discrepancy becoming much smaller at higher recoil momentum. 
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The understanding of nucleon-nucleon (NN) interac- 
tions within the nucleus is of great importance for mod- 
ern nuclear physics. These NN interactions, which are 
characterised at short inter-nucleon separations by a 
strong scalar repulsive component and at intermediate 
to large separations by an attractive part, caused mainly 
by the strong tensor component of the meson-exchange 
contribution, induce correlations between the nucleons. 
The use of electron- induced exclusive two-nucleon knock- 
out reactions of the type A(e,e' pN) A-2 is a very direct 
method for the study of this correlated behaviour within 
the nucleus. Because the scalar and tensor interactions 
act differently in isospin T = and T = 1 states proton- 
proton and proton-neutron knockout reactions probe pre- 
dominantly the short-range and tensor component, re- 
spectively [H, 

The use of '^He as a laboratory for the study of NN cor- 
relations via (e,e'pN)N reactions has advantages, both 
experimentally and theoretically, over other nuclei. From 
an experimental point of view the final state is a single 
nucleon in its ground state so detector resolution is not 
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critical and reconstruction of the final state is straightfor- 
ward. Furthermore theoretical models exist 0,11, S] that 
allow the break-up cross section to be calculated exactly, 
with interactions between all three nucleons being com- 
pletely taken into account. Such models calculate both 
the '^He ground state and the three-nucleon continuum 
wave functions using realistic NN potentials which in- 
clude a phenomenological description of the short range 
part of the NN interaction 0, 

At electron energies of several hundred MeV the 
electron-induced two-nucleon knockout cross section is 
driven by several processes. The coupHng of the virtual 
photon to one nucleon of a correlated pair via one-body 
hadronic currents can lead to the ejection of both nu- 
cleons from the nucleus. Interaction of the virtual pho- 
ton with two-body hadronic currents, such as meson ex- 
change currents (MEG) or isobar currents (IC), also con- 
tributes to the cross section. In addition to the above 
processes there can also be interactions between all par- 
ticles in the final state (FSI), the strength of which de- 
pends strongly on the relative nucleon-nucleon energies. 
The relative importance of these different processes de- 
pends on the kinematics and type of reaction. In order 
to disentangle these different contributing processes it 
is important to measure both the (e,e'pp) and (e,e'pn) 



cross sections as a function of several kinematic vari- 
ables. The '^}ie(e,e' pp)n reaction was studied previously 
in [1, [3, ■ Here we present the results of a measurement 
of the ^He(e,e' pn)p reaction made in the so-called "dip- 
region" between quasi-elastic and A-excitation peaks in 
the inclusive electron-scattering spectrum. 

The measurements were performed at the electron 
scattering facility of the 100% duty factor Mainz Mi- 
crotron MAMI ju], [i3|. The 855 MeV electron beam, 
used with currents between 2 and 4 ^A, was incident on 
a "^He high-pressure cryogenic gas target, operated at 1.9 
MPa and 15 K. At 4 /lA beam current this corresponds 
to a luminosity of 2 x 10"^^ cm~^ s~^. The scattered elec- 
trons were detected in Spectrometer B [l3|, a magnetic 
spectrometer with a solid angle of Afl = 5.6 msr and mo- 
mentum acceptance of Ap/p = 15%. The ejected protons 
were detected using the scintillator detector HADR0N3 
(H3) jlil from Nikhef, a large solid angle {An = 230 msr) 
hodoscope consisting of 128 bars of plastic scintillator di- 
vided into eight layers: two hodoscope layers at the front 
with six energy-determining layers behind. The proton 
energy acceptance of H3 is 50 - 250 MeV. For detection 
of the ejected neutrons the Glasgow-Tubingen time-of- 
flight (TOF) detector system ^ was used. The TOF 
detector array consisted of 96 bars of plastic scintillator 
arranged in three stands of 32 bars. Each stand consisted 
of 4 layers of 8 detectors, 3 layers of 5 cm thick TOF bars 
positioned behind a layer of 8 overlapping 1 cm thick veto 
detectors in a configuration similar to that described in 
The TOF array covered a solid angle of Ail « 240 

msr. 

Kinematics were chosen so that the reaction could be 
studied over a range of energy and momentum transfers 
similar to that covered previously in a measurement of 
the ^Hefeje'ppjn reaction Q. The settings used for each 
of the different kinematics studied are summarised in ta- 
blem Data were taken at momentum transfers oi q = 300 
and 375 MeV / c for an energy transfer of uj = 220 MeV 
and at momentum transfers of g = 330, 375 and 450 
MeV/c for an energy transfer of w = 270 MeV. The pro- 
ton detector, H3, was positioned in the direction of the 
momentum transfer q at forward angles with respect to 
the beam on the opposite side of the beam line to Spec- 
trometer B while the TOF neutron detectors were posi- 
tioned at 180° to the direction of q at backward angles 
with respect to the beam on the same side as Spectrom- 
eter B. After software cuts the neutron energy threshold 
in TOF was 16.7 MeV, while the use of 0.5 cm thick lead 
shielding in front of H3 resulted in an effective proton 
energy threshold of 70 MeV. 

With the detection of two ejected nucleons from the 
initial 3N-system, the kinematics of the reaction are com- 
pletely determined. The missing momentum of the reac- 
tion is defined as 

Pm ^ q ~ Pp' ~ P7i' (1) 

and is equal to the momentum of the undetected proton. 



Pr', here Pp> and p„' are the momenta of the detected 
proton and neutron, respectively. Using p^, the missing- 
energy 

Em = U> — Tpi — Tn' — Tr' (2) 

can be determined where Tp' , Tn' and Tr' are the kinetic 
energies of the proton, neutron and undetected proton, 
respectively. 

The missing-energy spectrum for the Z2 kinematic set- 
ting is shown in Fig. [TJ The inset of Fig. [1] shows the 
missing-energy spectrum before the subtraction of acci- 
dental coincidences as well as the spectra for the dif- 
ferent types of accidental coincidences. The (e'p) and 
(e'n) + (pn) types of accidental coincidences (red dashed 
and blue dotted curves) were subtracted from the total 
coincidence yield (black curve). As this subtracts the 
"e',p,n accidental" coincidences twice (green dot-dashed 
curve) these were added to the result to obtain the num- 
ber of real coincident events. More details of the acci- 
dental subtraction procedure can be found in reference 
[l^ . The largest contribution to the background is from 
events consisting of a real coincident ( e'p ) pair and an ac- 
cidental neutron. The missing-energy spectrum corrected 
for accidental coincidences has a single peak which corre- 
sponds to the three-body break-up of '^He. The peak has 
a FWHM of 7.0 MeV, as expected from the known detec- 
tor resolutions in energy and angle, and a mean value of 
6.2 MeV, close to the expected value of 7.72 MeV. The tail 
at higher missing energies is due to radiative processes. 

The 8-fold differential cross section for the '^'Re(e,e! pn) 
reaction can be written as a 5-fold differential cross sec- 
tion, d^a/dS dilpdQn, containing the nuclear structure 
information, multiplied by a virtual-photon fiux factor 
Ty jT3|. The cross section is differential in S, where dS 
is the arc-length in the Tp' — T„/ plane along the curve 
S that describes the relation between Tp' and Tn' for a 
given proton-neutron angular configuration as given by 
Eq. [2] [l§ . fl9| . It depends on seven independent kine- 
matic variables, but because of the limited statistics of 
the data, it will be presented as function of one of them 
only, integrating over the others within the acceptance 
of the detectors. The average 5-fold experimental cross 
section was calculated as: 

dSdQpdnn^ ^ j£dtV{x,Ax) ^ ' 

where Ax represents a range (bin) in the variable x as 
a function of which the cross section is presented, J Ldt 
is the integrated luminosity, N{x, Ax) is the measured 
number of (e,e'pn) events in bin Ax, corrected for ac- 
cidental coincidences, integrated over the missing-energy 
range from below the peak up to 36 MeV, and V{x, Ax) 
is the corresponding (weighted) detection volume. The 
latter was determined by a Monte Carlo method using 
10® events, generated within the energy /momentum ac- 
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UJ 

[MeV] 


9 

[MeV/c] 


Ob 
[deg] 


[deg] 


Otof-1 
[deg] 


6tOF-2 

[deg] 


6tof~3 
[deg] 


6, 
[deg] 


Al 


220 


375 


23.8 


-53.3 


107.7 


125.5 


140.5 


-43.1 


A2 


270 


375 


20.9 


-44.0 


107.7 


125.5 


140.5 


-34.3 


B2 


270 


450 


29.3 


-44.0 


107.7 


125.5 


140.5 


-39.8 


Yl 


220 


300 


15.4 


-45.0 


107.7 


125.5 


140.5 


-35.5 


Z2 


270 


330 


15.9 


-45.0 


107.7 


125.5 


140.5 


-28.1 



Table I: Kinematic settings in which the data were taken. The detector angles given are the central angle of each detector in 
the lab frame. 
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Figure 1: (colour online). The missing-energy (Em) distri- 
bution for the ^'H.e(e,e' pn) reaction for the Z2 kinematic set- 
ting. The inset shows the Em distribution before subtraction 
of accidental coincidences. The black curve results from all 
(epn) events in a coincidence time region where real triple- 
coincidence events would be found. The dashed red curve 
shows the contribution from events with an accidental neu- 
tron, the dot-dashed blue curve shows the contribution from 
events with an accidental proton or electron and the dotted 
green line shows the contribution from events where all three 
particles are in accidental coincidence. 



ceptances of the three detectors involved, taking into ac- 
count energy conservation for the reaction. This yielded 
an eight-dimensional phase-space or detection volume V. 
Radiative corrections were applied to the phase space 
vifhich were calculated using the formalism of Mo and 
Tsai [lOj. The factor Ty was also included as a weight, as 
were the efficiencies of the H3 and TOF detectors. The 
former ranged from 90% to 80% depending on the proton 
energy. The neutron detection efficiency was about 2.7% 
on average for a 5 cm thick TOF bar at the signal pulse- 
height threshold used. This energy dependent efficiency 
was computed with a model based on the Stanton code 
[2ll . [2^ . Finally the phase space was integrated over the 
missing-energy to yield V(x, Aa;) using the same limits as 
in the determination of N{x, Ax), and over all variables 
except X, applying the same cuts in Tpi and T„' as for 
the experimental data. The statistical error associated 



with the generated phase-space is < 0.5%. Corrections 
for dead time in the electronics were included in the de- 
termination of the integrated luminosity J Cdt. 

In the figures only the statistical errors are shown. The 
overall systematic error is about 13% with the largest 
contribution coming from the uncertainty (f» 12%) in the 
neutron detection efficiency. The uncertainty in the cor- 
rection for hadronic interactions and multiple scattering 
in H3 is about 4%. Other contributions to the system- 
atic error such as those from luminosity calibration, dead 
time corrections and target-thickness determination from 
elastic scattering, are negligible compared to those of the 
detection efficiency corrections. 

The measured cross sections are compared to the re- 
sults of non-relativistic continuum Faddeev calculations 
using the Argonne ^18 and Bonn-B nucleon-nucleon 
potentials. The calculations contain mechanisms for pho- 
ton absorption on one, two or all three of the nucleons 
in the target but are limited in their treatment of ex- 
change and isobar currents. The calculations are only 
strictly applicable for photon energies below pion produc- 
tion threshold. Rescattering processes up to all orders in 
the continuum are included ensuring that all FSI effects 
are fully taken into account. Two types of calculations 
were made. The first employed only a one-body hadronic 
current operator, while the second also included a two- 
body current operator for tt and p mesons to account 
for the in-flight and seagull terms using the formalism of 
Schiavilla et al. [ISj which is based on earher work of 
Riska [24, 2^. 

For comparison to the measured data the calculation 
of the theoretical cross sections was done in two steps. 
In the first part the Faddeev equations were solved for 
a single, central (uj,q) point per kinematic setting. All 
AW-force components were included up to a two-body 
angular momentum of j = 3 and in the final state all 
partial waves were included up to three-body angular 



momentum J 



-. Then, in the second step, the cross 



section was calculated for many specific three-nucleon fi- 
nal states determined by pp' and pn' for a given (uj,q) 
point. The final states were randomly generated over the 
full acceptance of the H3 and TOF detectors using a gen- 
erator similar to that used for the phase space. Approx- 
imately 10'' events were generated for each (Lu,q) point 
to ensure full coverage and to reduce statistical fiuctu- 
ations. Then the average cross section as a function of 
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Figure 2: (colour online). The cross section for the 
^'Re(e,e' pn) reaction shown as a function of the missing mo- 
mentum for the Al kinematic setting. The solid red (dotted 
green) curve shows the theoretical cross section calculated 
using only a one-body hadronic current operator and the Ar- 
gonne V^18 (Bonn-B) NN potential. The dashed blue line 
results from the Argonne potential when MECs are also in- 
cluded. 



one variable integrated over all the others was calculated. 
This method of determining the theoretical cross section 
for a given experimental set-up is more accurate than 
that used previously for comparison to the measurement 
of the '^'H.e{e,e' pp) reaction |9] where the cross sections 
were calculated for a grid of points covering the energy 
and angular acceptances of the two proton detectors. 

The effect of using only the central (uj,q) point was in- 
vestigated for one kinematic setting. The average differ- 
ence in the calculated theoretical cross section between 
using just the central value or using a range covering 
the whole acceptance of spectrometer B was found to be 
about 10%. 

Fig. [2] shows the ^Hefeje'pn) cross section as a func- 
tion of the missing momentum for the Al kinematic set- 
ting. The solid red line shows the theoretical cross sec- 
tion calculated using the Argonne V18 NN potential and 
a one-body hadronic current operator, while the dashed 
blue line shows the results when MECs are also included. 
The dotted green line in Fig. [2] shows the result of the 
one-body calculation using the Bonn-B 7V7V" potential. 

In Fig. [2] the overall shape of the measured and the- 
oretical cross sections is similar in that they decrease 
roughly exponentially with increasing pm ■ The inclusion 
of the MECs increases the calculated cross section by 
only about 10% up to Pm = 200 MeV/c but the effect in- 
creases to about 60% at 350 MeV/c. The use of the two 
different potentials makes little difference to the results of 
the calculations which overpredict the experimental data 
by about a factor of 5 for Pm < 80 MeV/c. The discrep- 
ancy decreases with increasing Pm until rough agreement 
within the large experimental error bars is reached at Pm 
« 200 MeV/c. In general the calculations indicate that 



for the kinematics shown here the '^'H.e(e,e' pn) cross sec- 
tion is dominated by the one-body hadronic current term 
with MECs only making a minor contribution. 

The overprediction of the cross section by the theo- 
retical calculations is in contrast to the ^Hefcje'pp) reac- 
tion where calculations using the Bonn-B potential are 
slightly below the data at low Pm and a factor of 5 lower 
at Pm = 200 MeV/c. There is not only a clear difference 
in the ratio between the pp and pn-knockout data and 
their respective one-body current prediction, but also the 
measured cross sections do not fall as quickly as predicted 
with increasing Pm ■ 

This different behaviour between pp and pn knockout 
is intriguing. The large discrepancy at low Pm in the 
case oi pn knockout, where the virtual photon supposedly 
couples mainly to one of the nucleons of a pn pair, would 
suggest that the pn correlations in the probed regime 
are not well predicted by the theory. Another source of 
disagreement could be the incomplete treatment of MECs 
and the omission of ICs, which play a much larger role 
in pn than in pp knockout. Finally, as stated above, the 
theory is only applicable for photon energies below pion 
production threshold. 

Fig. [3]shows the ■^He(e,e'pn) cross section as a function 
of q for the u range 235 < uj < 265 MeV and the Pm 
range 50 < Pm < 100 MeV/c. The experimental cross 
section in Fig. [3]was measured in five different kinematic 
settings, shown by the different types of markers for the 
data points, and shows a smoothly rising g-dependence 
which increases by about a factor 2 in strength from q = 
300 to 450 MeV/c. The line convention for the theoretical 
curves is the same as for Fig. [21 The theoretical cross 
sections were calculated for five separate g-values which 
are indicated by the filled black circles in the curves. The 
theoretical calculations over-predict the measured cross 
sections for the whole q range covered; by a factor 2-3 at 
q = 320 MeV/c to a factor of about 5 at q = 450 MeV/c. 
The inclusion of the MECs increases the calculated cross 
section by about 30% at g = 320 MeV/c. This increase 
falls with increasing q to about 5% at g = 450 MeV/c. 

The g-dependence of the ^Hefcjc' pp) data for a sim- 
ilar Pm range is much better described by the calcula- 
tions with just a g- independent under-prediction of 20%. 
Again this points to an inadequacy in the theoretical cal- 
culations for pn knockout, as discussed above. 

In conclusion the ^Hefcjc' pn) reaction was measured 
with good statistical accuracy over a range of momentum 
transfers and for two energy transfers. Calculations using 
the Argonne V18 or Bonn B potentials over-predict the 
measured cross sections by a factor 5 at low pm but are in 
rough agreement within the large statistical experimental 
errors at Pm > 200 MeV/c. Inclusion of MECs increases 
the calculated cross section section by a small amount 
(about 10%) up to Pm = 200 MeV/c, increasing to about 
60% at Pm = 350 MeV/c. When the cross section at 
low Pm is considered as a function of q the calculations 
over-predict the data by a factor 2 to 5. 

Comparison with data measured for the ■^He(^e,e'ppJ 
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Figure 3: (colour online). The cross section for the 
^'Re(e,e' pn) reaction shown as a function of q for 50 < 
Pm <100 MeV/c and 235 < < 265 MeV. Results from dif- 
ferent kinematic settings are shown by the different types of 
markers for the data points: Al:black circles; A2: red squares; 
B2: green stars; Yl: magenta triangles; Z2: blue crosses. The 
same line convention is used for the theoretical curves as in 
Fig. O The theoretical cross section was calculated at the 
points in the curves indicated by the black circles. 



reaction, which are much better described by the same 
theoretical calculations at low pm, suggests that the pn 
correlations in the probed kinematical regime are not well 
described and/or reaction mechanisms that are not in- 
cluded in the calculations (such as isobar currents and 
certain meson-exchange currents) play a large role. 
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